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irradiation did not cause temperature increase in
muscles tissue adjacent to titanium alloy
implants – an animal study
Dongmei Ye, Yiming Xu, Tengfei Fu, Han Zhang, Xianxuan Feng, Gang Wang, Lan Jiang and Yuehong Bai*Abstract
Background: Research studies on the influence of radiofrequency electromagnetic radiation on implants in vitro
have failed to investigate temperature changes in the tissues adjacent to the implants under microwave therapy.
We therefore, used a rabbit model in an effort to determine the impact of microwave therapy on temperature
changes in tissues adjacent to the titanium alloy implants and the safety profile thereof.
Methods: Titanium alloy internal fixation plates were implanted in New Zealand rabbits in the middle of femur.
Microwave therapy was performed by a 2450 MHz microwave generator 3 days after the surgery. Temperature
changes of muscles adjacent to the implants were recorded under exposure to dose-gradient microwave radiation
from 20w to 60w.
Results: Significant difference between control and microwave treatment group at peak temperatures (Tpeak) and
temperature gap (Tgap= Tpeak-Tvally) were observed in deep muscles (Tpeak, 41.63 ± 0.21°C vs. 44.40 ± 0.17°C, P < 0.01;
Tgap, 5.33 ± 0.21°C vs. 8.10 ± 0.36°C, P < 0.01) and superficial muscles (Tpeak, 41.53 ± 0.15°C vs. 42.03 ± 0.23°C, P = 0.04;
Tgap, 5.23 ± 0.21°C vs. 5.80 ± 0.17°C, P = 0.013) under 60 w, and deep muscles (Tpeak, 40.93 ± 0.25°C vs. 41.87 ± 0.23°C,
P = 0.01; Tgap, 4.73 ± 0.20°C vs. 5.63 ± 0.35°C, P = 0.037) under 50w, but not under 20, 30 and 40w.
Conclusion: Our results suggest that low-dose (20w-40w) continuous-wave microwave irradiation delivered by a
2450 MHz microwave generator might be a promising treatment for patients with titanium alloy internal fixation, as
it did not raise temperature in muscle tissues adjacent to the titanium alloy implant.
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Microwave radiation is defined as that with a frequency of
300 MHz-300GHz, which lies on the electromagnetic
spectrum between radiofrequency (RF) and infrared radi-
ation. In general, microwaves could be focused to produce
physiological heating in deep body, for example, increased
temperature over 40°C [1], increased blood flow [2,3], de-
creased pain [4], and alterations in the physical properties
of fibrous tissues [5,6]. The clinical application of micro-
waves improved range of motion in joints, and accelerated
the resolution of hematoma and fracture healing [7].* Correspondence: aibyhw@126.com
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reproduction in any medium, provided the orMicrowave treatment is also used in the cure and rehabili-
tation of injuries and chronic inflammation of bone
[6,8-12], joint [13,14], muscle and tendon [15,16]. Fre-
quencies historically used in the rehabilitation were 2450
[17], 915 [6,18-22], 434 (with surface cooling) [6,20] and
27.12 MHz [23]. The efficacy of an electromagnetic wave
device depends on the target site and temperature.
Surgically implanted metal plates, screws, and pins in
the treatment field are an absolute contraindication for
microwave application [8]. It is thought that electromag-
netic radiation generated by microwave diathermy can be
reflected, refracted or transmitted at the interface between
tissues and metal implants [8,24], resulting in rapid eleva-
tion in temperature and tissue damage locally [25-29].This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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appeared to be based on “common sense” and consensus
rather than evidence-based practice, in vivo. Titanium im-
plants are widely used clinically since titanium ion is non-
magnetic [30,31]. It has a lower magnetic permeability and
electric conductivity than common magnetic materials,
and consequently less absorption of radio frequency (RF)
[32]. The findings from studies in vitro indicated that the
temperature changes of titanium and titanium alloys in RF
electromagnetic field were lower compared with other me-
tallic implants [27,33]. In fact, the safety of shortwave dia-
thermy has been proven in clinical case reports. Seiger [34]
applied pulsed shortwave diathermy (27.12 MHz, 800 pps,
400 microseconds (48 W), 20 min) over a patient’s ankle
with orthopedic metal implants, resulting in improved
ankle range of motion (ROM). No complaints of discom-
fort, pain, or burning sensation occurred. Another report
similarly suggested no negative effects during the short-
term follow-up [35]. However, muscle temperature in the
thigh was not monitored during the treatment. Although
the patients’ complaints determined the temperature in-
crease to some degree, a huge difference existed between
thermal pain threshold and hyperthermia-induced injury
[6,36]. As temperature measurement entailed an invasive
approach, we designed an animal experiment to observe
the transient temperature changes adjacent to the implants.
Additionally, previous research involving RF electromag-
netic field derived from mobile phones rarely indicated any
risk associated with implants, though frequencies of 900
[29], 1800 [28] and 2450 MHz [37,38] enhanced specific ab-
sorption rates (SAR). Therefore, the current study was
based on the assumption that no dramatic temperature in-
creases occurred in tissues around titanium alloy implants
with a common therapeutic dose of microwave radiation
(20-60w) used in rehabilitation.
Evidence supporting temperature changes in the tissues
adjacent to the implants under microwave therapy is lim-
ited. In the current research, we modeled the worst possible
cases of the most common implants under microwave ir-
radiation in the rehabilitation of bone and muscle injuries.
We implanted a titanium alloy into the femur of rabbit. We
employed the highest frequency of 2450 MHz microwave
generators at a treatment dose gradient of 20 w to 60 w,
which are clinically used in rehabilitation. Temperature
changes of muscles adjacent to the implants were recorded
during the microwave exposure. Our objective was to de-
termine the influence of microwave exposure on the
temperature in tissues adjacent to a titanium alloy and the
safety profile of microwave therapy.
Methods
Ethics statement
All the experimental procedures involving animals were
conducted under a protocol reviewed and approved bythe Animal Welfare and Ethics Committee of Shanghai
Sixth People’s Hospital (Permit Number: SYXK(Hu)
2011–0128). All animal work was carried out in accord-
ance with national and international guidelines to
minimize suffering to animals.
Animal model instruction
Eight New Zealand white rabbits aged 16–18 weeks and
weighing 2.0 to 2.5 kg were used in this study. All rab-
bits were randomly divided into the treatment group
(n = 5) and the control group (n = 3). The rabbits were
anesthetized with an intravenous injection of pentobar-
bital sodium (30 mg/kg). The femoral upper end was
exposed on the outside of the right upper thigh incision.
The internal fixation plate was composed of a titanium
alloy plate (4.60 ± 0.24 × 0.42 ± 0.08 cm) with seven
holes and screws (LCP System, Synthes Company,
USA), which were planted on right femoral upper end
of the experimental group. Control animals underwent
the same surgical procedure without titanium alloy im-
plants. All rabbits were injected intramuscularly with
penicillin (800,000 units) 3 days post-operation.
Microwave diathermy
Three days after operation, microwave therapy was ad-
ministered to both the treatment group and the control
group. The rabbits were anesthetized with an intraven-
ous injection of pentobarbital sodium (30 mg/kg). Treat-
ment regimen consisted of microwave diathermy to the
right upper thigh using the microwave diathermy system
(PM-800, ITO Company, Japan). Microwave generator
operated at a frequency of 2450 MHz. Continuous-wave
microwave radiation was administered at a treatment
dose gradient of 20 w, 30 w, 40 w, 50 w and 60 w, re-
spectively, in the same regimen for 15 minutes. Changes
in muscle temperature were recorded during microwave
exposure. Each dose of microwave treatment was applied
at intervals of 0.5 hour.Temperature measurements
Anti-interference couple thermometer (FHC, ME-04008,
BOWDOINHAM, USA) was used for temperature meas-
urement during diathermy. The sensor was inserted at dif-
ferent muscular depths over the titanium alloy plate,
including deep muscles (5 mm above the hole) and super-
ficial muscles (30 mm above the hole). Temperatures were
recorded perpendicular to the middle hole of the titanium
alloy plate, which was verified in a preliminary study. The
temperatures of control group were tested similarly. The
temperature of the laboratory was maintained at 24°C.
Temperatures were recorded at the rate of 1 per minute
for 15 minutes. We allowed 30 minutes for the rabbits to
return to normal body temperature after each diathermy.
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All the results were presented as the mean ± SD. Students’
unpaired t-test and one-way analysis of variance were per-
formed with the SPSS 19.0 software. Statistical significance
was set at P < 0.05.
Results
Preliminary study
Previous studies observed that the electromagnetic field
lines were focused on an edge or toward an end of im-
plant leading to a high local flux [28,39]. Hence we per-
formed the preliminary study to determine the position
of insertion of the sensor. We measured the temperature
changes at both ends and in the middle of an implant
under 20w and 60w microwave exposure, in vivo. Tem-
poral temperatures at 5 min, 10 min, and 15 min were
recorded, respectively. The peak temperatures appeared
toward the end of treatment. No significant differences
in temperature changes were observed among the three
positions at each time point (all P > 0.05) (Tpeak shown
in Figure 1). Since the microwave irradiation focused on
the middle of the implants, the two measuring positions
of temperature were perpendicular to the middle hole of
the titanium alloy plate.
Temporal temperature changes in deep muscles
Temporal temperature changes of deep muscles are shown
in Figure 2 for control group and treatment group respect-
ively. Significant differences in temperature occurred dur-
ing microwave treatment using 50 w and 60 w between
control and treatment groups. The temperature gaps
(Tpeak-Tvally) in deep muscles for the treatment group were
significant higher compared with control group under 50w
and 60 w microwave treatment (P = 0.037, P < 0.01, respect-
ively) (Table 1). Although the deep muscle temperature in-
creases with microwave treatment using 20 w, 30 w and
40w were higher compared with control group, noFigure 1 Temperature peaks in an implant. No significant
difference in temperature peaks was observed with the three
positions of the implant (all P > 0.05).statistically significant difference was seen between the two
groups. We recorded significant peak temperatures of
44.40 ± 0.17°C in the treatment group and 41.63 ± 0.21°C in
the control group under 60w treatment (P < 0.01).
Temporal temperature changes in superficial muscles
The temperature increased gradually in superficial muscles
with increasing microwave dose. Although the peak tem-
peratures for both control and treatment group were lower
than 42°C, the differences between the two groups were
observed under 60w treatment (P = 0.035) (Figure 2). In
terms of temperature gaps in superficial muscles, no sig-
nificant difference was detected between the two groups
except for a significant temperature gap with 60w treat-
ment (Table 1) (P = 0.013). No statistical difference was ob-
served between the two groups under treatment of 20w,
30w and 40w.
Discussion
Clinically, low-dose microwave treatment is administered
to patients suffering from acute soft tissue injuries or post-
operative pain [7,40]. Previous studies in vivo and in vitro
suggested that a low dose of microwaves reduced edema
[2,41]. It also reduced pain by facilitating the 'pain gate'
mechanism [8,12]. However, whether the metal implants
in areas of radiation raised the tissue temperature abnor-
mally is still unclear. In this study, using an animal model
we estimated temperature increases around metallic ob-
jects implanted, in vivo. The results suggested that no sig-
nificant temperature increase occurred in the muscle
tissues adjacent to the titanium alloy implants under low-
dose (20 w-40 w) microwave irradiation with a 2450 MHz
microwave generator. However, 50 w and 60 w caused a
dramatic temperature increase in the deep muscles and
even raised the temperature in the superficial muscles.
The reflection of electromagnetic waves from metal sur-
faces was thought to be one of the mechanisms associated
with such temperature rise [42]. The implant may couple
with the RF source, and thus induce a current on the im-
plant surface. The induced current further produced a sec-
ondary electromagnetic (EM) field, with the implant acting
as a weak radiating antenna in tissues [28]. Excessive dose
of RF irradiation would heat the tissues adjacent to the
metal implants. Theoretically, RF heating is caused by the
Joule loss resulting from the sudden increase of electrical
resistance at the interface between tissues and metal [43].
Compared with osseous tissue, muscle tissues contain high
water content, which absorbs microwaves strongly [44].
Therefore, the present study analyzed the temperature
changes of muscles adjacent to the metal implants. Add-
itionally, the eddy current stimulated by electromagnetic
field is the other reason. The physical properties of the
materials contribute to the difference of eddy current in-
tensity. Compared with traditional medical stainless steel,
Figure 2 Temperature changes in deep and superficial muscles under microwave exposure. The sensor was inserted over the titanium
alloy plate into deep muscles (5 mm above the middle hole) and superficial muscles (30 mm above the middle hole). Transient temperature
variations were assessed by t-test. *P < 0.05 vs. control group in deep muscles; #P < 0.05 vs. control group in superficial muscles. D-control group:
deep muscles control group; D-treatment group: deep muscles treatment group; S-control group: superficial muscles control group; S- treatment
group: superficial muscles treatment group.
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conductivity. RF heating of cobalt-chromium alloy im-
plants and titanium alloy implants was evaluated in vitro
by Muranaka. The maximum temperature rise of titanium
implant was lower compared with cobalt-chromium
[33,39]. Our results indicate that, under lower dose micro-
wave irradiation (20 w-40 w), the temperature increase of
muscles adjacent to titanium alloy implants was lower
than 43°C. In the previous study, enzyme and proteins
degenerated at tissue temperatures over 43°C [45,46]. Ra-
diation with the 2450 MHz microwave generator used in
our study was safe for the muscle tissues adjacent to the
titanium implants. However, 60w microwave exposure ledTable 1 Muscle temperature variation (Tpeak-Tvally) during mic
Groups Tem
Control gro
20 w Deep muscles 0.83 ± 0.12
Superficial muscles 0.83 ± 0.17
30 w Deep muscles 3.80 ± 0.30
Superficial muscles 3.67 ± 0.21
40 w Deep muscles 3.70 ± 0.31
Superficial muscles 3.70 ± 0.50
50 w Deep muscles 4.73 ± 0.20
Superficial muscles 4.00 ± 0.81
60 w Deep muscles 5.33 ± 0.21
Superficial muscles 5.23 ± 0.21
*Differences between control and treatment group were assessed by t-test.to a surge of temperature to 44.5°C in deep muscle within
15 min. In clinical practice, hyperthermia is safe if the
temperature was maintained below 45°C [47-49]. Signifi-
cant fibrosis was reported previously only at temperatures
of 46°C and above [36]. Giombini suggested that both time
and temperature of application must be controlled to
avoid the irreversible damage. In clinical practice, specific-
ally in musculoskeletal medicine, temperature should not
exceed 45°C for 30 min [7]. Therefore, we believe that the
use of a 60w microwave therapy is unsafe for tissues im-
planted with titanium alloy.
High local temperature in the tissues is caused by the
geometry of an implant [37,38]. In the case of implantsrowave treatment
perature gaps (°C) (mean ± SD) P value
up Treatment group
0.93 ± 0.10 1.00
0.83 ± 0.21 1.00
4.00 ± 0.21 0.27
3.87 ± 0.29 0.78
4.50 ± 0.21 0.07
4.03 ± 0.55 0.17
5.63 ± 0.35 0.037*
4.40 ± 0.24 0.93
8.10 ± 0.36 <0.01*
5.80 ± 0.17 0.013*
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focused along the edge or an end, leading to a high local
flux [33], resulting in significant increase in absorption
and temperature in tissues. In this study, no significant
difference in temperature rise was observed between the
ends and the middle part of the implants, due to the
small size and good thermal conductivity of the implant.
Our study has a number of limitations. First, mechanical
errors in one thermometer affected accuracy of tempera-
tures recorded. The accuracy might be improved with a
secondary thermometer. Second, the implants used in
rabbit were the internal fixation plates of metacarpals in
human. However, except for the adjacent tissues and signal
frequency, other factors such as implant size, orientation,
and location affect the SAR distribution and temperature
increase near the implants. Therefore, experiments with lar-
ger animals should be performed. Third, in our study, the
long-term effects of microwave radiation on muscle, skin
and bone were not observed. We applied only a single dose
of microwave diathermy. Clinical diathermy over 7–10 days
on patients without metal implants relieved pain and
chronic inflammation. Studies in the future should study
the long-term effects of such intervention.
Conclusion
A lower dose (20w-40w) of continuous-wave microwave
irradiation delivered by a 2450 MHz microwave generator
did not cause temperature increase in muscle tissue adja-
cent to a titanium alloy implant. However, at a dose of
50w and 60w, significant temperature increases were ob-
served in superficial and deep muscles. Our results suggest
that a low dose of microwave treatment might be a prom-
ising method for patients with titanium alloy internal
fixation.
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